ABSTRACT An analysis is given for the perturbation of the order and composition of lipid bilayers near an intrinsic membrane protein. Two cases are examined: the protein influences the lipid order (i.e., "fluidity"), and the protein associates with one component of a lipid mixture preferentially. The order perturbation is studied as a function of temperature and lateral pressure by using Landau-de Gennes theory and a variational procedure. It is concluded that, for a given lateral pressure, the greatest amount of boundary lipid is present at the lipid phase-transition temperature. A critical point for the phase transition occurs, near which the amount of boundary lipid increases dramatically. The composition perturbation is modeled in a binary lipid mixture by using a simple regular solution theory. The perturbation is found not to extend much beyond the directly bound layer of lipids unless the solution is near a critical mixing point.
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An intrinsic membrane protein must alter the properties of nearby lipids in the bilayer. This effect has been reported in several magnetic resonance studies of reconstituted proteinmembrane systems (1) (2) (3) (4) (5) (6) , and the perturbed lipids have been called boundary lipids. Protein-lipid interactions are obviously essential for membrane function. It is of interest to know how far from the protein the boundary lipid extends and what factors control this extent. This paper gives a simple theoretical analysis that seeks semiquantitative answers to these questions.
THEORY FOR BOUNDARY LIPIDS Order Parameter and Lateral Pressure. The theoretical treatment below deals largely with the main phase transition in phospholipid bilayers. As the temperature is raised through the transition temperature, T°, lateral molecular motions and the disorder of the acyl chains increase abruptly. For a more detailed discussion of this solid -fluid phase transition, and references to earlier work, see Jacobs et al. (7) .
We focus on the temperature dependence of the area per molecule in the bilayer. For a representative phospholipid, dipalmitoyl phosphatidylcholine, near T°the thickness of the fluid bilayer is 30% less than that of the solid (8) , whereas the volume is 4% greater (9) . Using these data, we u (Af-A)/(Af-A,) [1] In the phase transition, u changes from 1 to 0. Farther from T°, du/dT < 0, but the effect is comparatively small. In other systems the order parameter is usually defined so as to equal zero in the limit of high temperatures. An example is the spectroscopic order parameter, S, for rod-like molecules in liquid crystals (10) , which is, in addition, restricted to values between -1/2 and +1. In contrast, u = 0 refers to a more arbitrary state, and Iu > 1 is allowed. Despite these differences, u and S should be strongly correlated in bilayers.
We choose this definition of u for two reasons. First, it simplifies the adaptation of Landau-de Gennes theory (10) to lipid bilayers. Second, linking u to A facilitates treating the effects of the (external) lateral pressure ir. If the bilayer is treated as a two-dimensional system, -v is the area derivative of the Helmholtz free energy.
Several studies of lateral pressure in lipid monolayers have been made (11) (12) (13) . It was suggested (13) (10), we represent that part of the Gibbs free energy density that depends on the order parameter as a truncated Taylor expansion in u about u = 0:
The term -r(Af -As)u is the u-dependent part of xrA; Af and A, reefer to T = TO and xr = 0. For these values of T and ir, the following relationships hold: Au0 = 2B/(3C)
T-T* = 2B2/(9aC). [3] Au0 is the experimental transition discontinuity in u (--1 here), and AHO is the experimental transition enthalpy (zero superscripts signify -r = 0). phase transition between states of low and high u. For the special case B = 0, the transition is second-order (14) .
At ir = 0 the temperature limits for the metastability of the fluid and solid phases are T* and T** = T* + (B2/4aC), respectively.
It is convenient to divide Eq. 2 through by a(T°-T*), to simplify by using Eq. 3, and to express the results in reduced units:
(Tc -T*) Fig. 1 shows the 7r-dependence of u at Tc, of Tc, and of the metastability limits. A critical point is given by this mean field model, with u it = 0.5, Tcrit = 1.5, and rcrit = 0.25.
Elastic Deformations. The effect of spatial variations in u on the free energy is approximated by an elastic energy term (15) [5] then D is no longer explicitly present, so that the total (reduced) free energy density becomes tot(u,'Vu) = -iru + 1/2tu2 -u3 + 1/2U4 + '/21Vu12. [6] Application to Boundary Lipid. [7] Gtot[u(i),u'(F)]2wridi = minimum. T-T* < 20°, we estimate rcrit < 15 dyne/cm for phosphatidylcholines.
THEORY FOR LIPID MIXTURES
Biological membranes typically contain a mixture of lipids, and some membrane proteins bind one lipid species preferentially (17) (18) (19) . We have made the following calculations to study how far the alteration of the local lipid composition can extend out from the protein.
Following the approach used by Cahn and Hilliard (20) for alloys, we treat the membrane as a fluid binary mixture of lipids. The dependence of the free energy density on the mole fraction, x, of one of the components is approximated by a simple regular solution theory (21) :
[10] The parameter W is a measure of the nonideality of the solution; usually W > 0. This is a mean field theory with a critical mixing point; xcrit = 0.5, Trit = W/(2k).
The effect on G of spatial variation in x is taken to be a quadratic term, ElVx12. The integral representing the specific interfacial free energy (20) for the same geometry as before is minimized by (numerically) solving the EulerLagrange equation:
x" + ¼x'+ 2(x -XB) + Tn((l B.) 0 [11] Here XB is x in the bulk mixture, T --kT/W, and r -r/(E/ W)1/2.
With a lattice representation of the mixture (21) and a constant concentration gradient, we estimate (E/W)'/2 3 A for lipids such as phosphatidylcholines. This is independent of the value of W. We make no estimates of W except to note that complete miscibility of the components requires W < 2kT 1.2 kcal/mol at room temperature.
The main result of the calculations is that the perturbation of composition does not extend much beyond the first layer of bound lipid unless the system is close to critical. This can be seen in the sample composition profiles presented in Fig. 4 . [13]
Near the critical point, t diverges as (T-Tint)-1/2 and IXBxcritl. For comparisons, see Fisk and Widom (22) . DISCUSSION We have described simple methods of aproximating the order and composition of membrane lipids near intrinsic membrane proteins. Use of the known phase behavior of bulk lipid bilayers embeds the protein-lipid problem in a context that is better understood. The Landau-de Gennes treatment can reproduce, at least qualitatively, most of the existing experimental data on boundary lipids. We cite examples below.
The boundary lipid is observed to be either less or more ordered (or "fluid") than the bulk lipid, depending on the composition and phase of the system (1) (2) (3) (4) (5) (6) . Assuming Fig. 1A ).
Other Theories. Marcelja (27) has published a microscopic mean field model of order in lipid bilayers based on chain conformation. He has applied this to the boundary lipid problem, treating the protein-lipid interaction as a constant contribution to the molecular field of the lipids touching the protein (24) . Sample calculations showed the boundary lipid extending several molecular layers out from the protein, the distance being greater for T -T°+ 1 than for T -T + 10. Our results generally agree with this. The area for each lipid molecule was fixed at the experimental bulk value, so ir -A effects were not investigated.
Schroeder (25) (24, 25) , the attractive lipid-mediated interaction between two identical proteins was demonstrated.
Jahnig (28) also has developed a microscopic mean field bilayer model based on chain conformation. The area dependence of the free energy entered not directly as rA but as a steric potential depending on the bilayer thickness. In the limit of low thickness, the model reduced (28) to a Landau-de Gennes .,theory, with results for the bulk bilayer similar to those obtained independently here.
